Objectives: Salmonella genomic island 1 (SGI1) is often encountered in antibiotic-resistant Salmonella enterica and exceptionally in Proteus mirabilis. We investigated the prevalence of SGI1-producing clinical isolates of P. mirabilis in our hospital (Dijon, France).
Introduction
Non-typhoidal salmonellosis is one of the most common and widely distributed foodborne diseases; millions of cases occur worldwide each year. 1 Salmonella enterica strains can colonize and/or infect humans and food-producing animals. Today, there are over 2500 known serotypes of Salmonella. S. enterica serovars Enteritidis and Typhimurium are the most frequently encountered in human infections. Multiresistant Salmonella Typhimurium phage type DT104 clone emerged in the 1980s and has been epidemic since the 1990s. 2 This clone carries a genomic island-the so-called Salmonella genomic island 1 (SGI1)-initially characterized by Boyd et al. 3 It contains genes that confer resistance to ampicillin, chloramphenicol, streptomycin, spectinomycin, sulphonamides and tetracycline (resistance type ACSSpSuT). This structure is an integrative 43 kb chromosomal element that harbours a complex class 1 integron of the In4 type (named In104) of 13 kb where the resistance genes are clustered [multidrug resistance (MDR) region]. The SGI1 backbone contains 28 open reading frames (ORFs; S001-S027 and S044). Variants are classified from SGI1-A to SGI1-V. 4 -7 Additional subgroups have been described for SGI1-K (-K1 to -K6), SGI1-P (-P1 and -P2), SGI1-Q (-Q1 to -Q3), SGI1-L (-L1 and -L2) and SGI1-J (-J1 to -J6). 8 -14 Few variations have been described in the SGI1 backbone. In SGI1-Ks, -Ps and -Qs, a deletion occurs in the region spanning from ORFs S005 to S009 and an insertion sequence element (IS1359, also called ISVch4) is inserted. Furthermore, ORF S044 is truncated by an IS26 element. 8 In SGI1-Js and -Ls, the MDR region is not located at the same position as in SGI1, but within ORF S023 for the former, and ORF S024 or ORF S027 for the latter. 9 -14 In SGI1-V from Proteus mirabilis, ORFs 023 and S024 are deleted, and a DNA sequence of 2.3 kb is inserted within ORF S014. 7 In the MDR region, many variations resulting from homologous recombination, loss or exchange of gene cassettes or acquisition of common region 1 (CR1) within In104 have been reported. More complex structures made up of parts of known transposons, The integration of SGI1 into the chromosome occurs at the last 18 bp of the 3 ′ end of the thdF gene of Salmonella (currently called trmE). This conserved integration site is also identified in diverse bacteria and SGI1 could emerge in other human pathogens. 15 Salmonella genomic islands have been exceptionally detected in Proteus mirabilis isolates. P. mirabilis is a commensal enteric bacterium involved in community and health-acquired infections that can harbour many different mechanisms of antibiotic resistance. 16 To date there are five reports of SGI1-producing P. mirabilis concerning a patient from Palestine, humans and food in China and two French patients. 6,7,17 -19 In all but one case the genes contained in the MDR region are similar to those encountered in Salmonella from different serovars. Nevertheless, for the first time we have recently described an extended-spectrum b-lactamase (ESBL) gene (bla ) and a quinolone resistance determinant (qnrA1) in the SGI1-V from a clinical strain isolated in our university hospital. 7 This description underlines the importance of SGI1 in contributing to antibiotic resistance spread among species other than Salmonella. These findings prompted us to study the prevalence of P. mirabilis clinical isolates harbouring an SGI1. For this purpose, we conducted a prospective study of the P. mirabilis isolated over a 6 month period in the University Hospital of Dijon (Burgundy, France, 1600 beds). We have analysed 57 clinical strains selected for their resistance to amoxicillin and/or gentamicin and/or trimethoprim/sulfamethoxazole. Indeed, the isolates that harbour an SGI1 are mostly resistant to one of these compounds because the following determinants are often part of the MDR region: bla PSE-1 , aadB, aacCA5, sul1 and dfrA genes. We also included nine clinical strains of ESBL-producing P. mirabilis from our collection to estimate the frequency of SGI1-bearing strains. We sequenced the entire SGI1 backbone and its MDR region in all SGI1-positive strains.
Materials and methods

Bacterial isolates
Over a 6 month period (from 15 August 2011 to 15 February 2012), we isolated 220 non-redundant clinical strains of P. mirabilis. For the present study, we selected the 57 isolates resistant to amoxicillin and/or gentamicin and/or trimethoprim/sulfamethoxazole. We also included nine clinical strains of ESBL-producing P. mirabilis from our collection (from 2005 to 2012). The strains were recovered from various samples, mainly urines, but also blood, stool samples, sputum and bone tissue. Bacteria were identified with API 20E strips (bioMérieux, Marcy l'Étoile, France). A routine antibiogram was performed by the disc diffusion method on Mueller-Hinton agar (bioMérieux) according to the guidelines of the CLSI, 20 and included amoxicillin, cefotaxime, gentamicin, tobramycin, amikacin, nalidixic acid, ofloxacin, doxycycline and trimethoprim/ sulfamethoxazole. The supplementary antibiogram performed on SGI1-containing isolates included kanamycin, streptomycin, spectinomycin, chloramphenicol, sulphonamides and trimethoprim.
Bacterial DNA preparation, gene amplification and sequencing
Bacterial DNA preparation, gene amplification, sequencing and nucleotide sequence analysis were performed as previously described. 7 A bacterial DNA template was prepared by heat lysis of cells. The presence of SGI1 was sought with primers chosen in the chromosomal thdF gene of P. mirabilis and the int gene of SGI1 (for the left junction), and in ORF S044 of SGI1 and the chromosomal hipB gene (for the right junction). Genes encoding SGI1 proteins S026 and S044 were also detected. For SGI1-bearing strains, the entire backbone was sequenced with primer pairs designed from the sequence of Salmonella Typhimurium DT104 deposited in GenBank under accession number AF261825. The MDR region was identified by PCR mapping of the class 1 integron with primers chosen in the 5 ′ and 3 ′ conserved segments (5 ′ -CS and 3 ′ -CS). The complete sequence was established by PCR linkage between genes belonging to non-repeated genetic elements. The location of the MDR region within the SGI1 backbone was determined with primers chosen in ORF S026 of SGI1 and the first gene cassette of the integron (for the left junction) and in the last antibiotic resistance gene of the MDR region and ORF S044 (for the right junction). The primers used for the PCRs and the sizes of the products are listed in Table S1 (available as Supplementary data at JAC Online).
Nucleotide sequence accession numbers
The nucleotide sequences of the complete SGI1s were submitted to GenBank and assigned accession numbers JX089581 (SGI1-PmCAU), JX089582 (SGI1-PmBRI), JX089583 (SGI1-PmMAT), JX121638 (SGI1-PmABB), JX121639 (SGI1-PmSCO), JX121640 (SGI1-PmVER) and JX121641 (SGI1-PmGUE).
Results
SGI1-producing P. mirabilis isolates
Left and right junctions of SGI1s as well as ORFs S026 and S044 were detected in 5 out of the 57 studied strains collected over the 6 month period (9%) (PmBRI, PmMAT, PmABB, PmSCO and PmGUE) and in 2 out of the 9 ESBL-producing strains from our collection (PmCAU CTXM-1 producer and PmVER CTXM-14 producer isolated in 2009 and 2010, respectively). The origins of the isolates were as follows: urines (PmGUE and PmCAU), stool samples (PmBRI and PmABB), sputum (PmVER), bone tissue (PmMAT), bone tissue and urines (PmSCO). The antibiotic resistance profiles of the strains are reported in Table 1 .
Characterization of the seven SGI1 backbones
In the seven isolates the SGI1 (SGI1-PmBRI, SGI1-PmCAU, SGI1-PmMAT, SGI1-PmABB, SGI1-PmSCO, SGI1-PmVER and SGI1-PmGUE) was integrated between the chromosomal genes thdF and hipB/hipA. The size of the SGI1 ranged from 30.7 to 66.1 kb. Sequence analysis of both junctions of the SGI1 confirmed that the last 18 bp of thdF corresponding to the left direct repeat (DR-L) were identical to the right 18 bp direct repeat (DR-R), with the exception of SGI1-PmCAU, where DR-L diverged in one base pair from DR-R (C at position 9 instead of T).
The structures of the SGI1 backbones are reported in Figure 1 . The nucleotide sequence of the SGI1 backbones differed only by eight single-base changes from that of Salmonella Typhimurium DT104. In five SGI1s (SGI1-PmMAT, -PmABB, -PmSCO, -PmVER and -PmGUE) the region spanning from ORF S005 to ORF S009 was deleted (2780 bp). With the exception of SGI1-PmMAT, this deletion was replaced by an insertion of 1258 bp corresponding to the insertion sequence IS1359 of the IS3 family (GenBank accession number EU272902). 21 Comparison of ORF S005D
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among SGI1-PmABB, -PmSCO, -PmVER, -PmGUE, SGI1-K and SGI1-PmMAT revealed that three additional nucleotides (GAT) were missing in SGI1-PmMAT.
Characterization of the MDR regions
For the seven SGI1-bearing strains, the MDR region was inserted between the res gene (ORF S027) and ORF S044 of the SGI1 backbone, exactly at the same position as in SGI1 from Salmonella.
Their genetic structures were more or less complex and of various size (from 5.6 to 40.2 kb). However, all the MDR regions (InPmBRI, InPmCAU, InPmSCO, InPmMAT, InPmABB, InPmVER and InPmGUE) included a class 1 integron belonging to the In4 family flanked by 5 bp direct repeats, ACTTG, generated by insertion of the integron. InPmBRI (5602 bp) contained the aadA2 cassette and InPmCAU (5835 bp) contained the dfrA1 cassette (Figure 2a) . According to the previously proposed nomenclature of SGI1 Siebor and Neuwirth variants, SGI1-PmBRI was close to SGI1-C and SGI1-PmCAU close to SGI1-O. 18, 22 InPmSCO (15 632 bp) contained the aacCA5 and aadA7 cassettes, the floRc and tetA(G) determinants and the bla PSE-1 cassette. Therefore, SGI1-PmSCO was related to SGI1-H. 23 SGI1-PmMAT and SGI1-PmABB harboured a variant of SGI1-PmSCO resulting in the deletion of both the flo/tet region and the second integron containing the bla PSE-1 cassette. Therefore, InPmMAT and InPmABB had only 6172 bp (Figure 2b ).
InPmVER and InPmGUE were very complex regions of 27 474 and 40 261 bp, respectively, composed of a mosaic structure of genes (Figure 2c ). Their first 25 198 bp were identical in both ′ -CS and 3 ′ -CS of the integron are shown as filled arrows and thin vertical bars represent the inverted repeats (IRi and IRt). IS elements are indicated by shaded arrows and small filled squares represent the inverted repeats. In (b) and (c) the grey arrows correspond to differences in the structure between the two MDR regions.
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strains and were composed of a class 1 integron, of regions derived from transposons Tn501/Tn21, Tn1721, Tn5393, Tn2, of IS26 elements and of the complete transposon Tn4352. The major part of this structure (23 338 bp) was close to that described in SGI1-K1 (AY463797). 24 It contained the aacCA5/ aadA7 cassette array followed by (i) a hybrid mer module made up of Tn501 and Tn21, (ii) a region deriving from Tn1721 containing tetA(A), (iii) a short segment of fipA, (iv) a region deriving from Tn5393 containing strB, strA and an IS1133 element, and (v) a region deriving from Tn2, where bla TEM-1b was in opposite orientation when compared with SGI1-K1. Moreover, InPmVER and InPmGUE contained the complete transposon Tn4352 (2680 bp) (M20306) with aphA1a (resistance to kanamycin) surrounded by two IS26 elements, a structure not described to date in an SGI1. InPmVER and InPmGUE had different structures downstream of the right IS26 element of Tn4352. In InPmVER, this IS26 was inserted within a 3 ′ -CS of an In4 type integron, resulting in the loss of qacED1 and a truncated sul1 gene. In InPmGUE, IS26 was inserted within tnpM of Tn21, which carried a class 1 integron with a single gene cassette (dfrA15). The next 12 854 bp were identical to those of InPmSCO, with a flo/tet region and an integron containing bla PSE-1 . In summary, SGI1-PmVER derived from SGI1-K1 by the insertion of a composite transposon harbouring aphA1a. SGI1-PmGUE derived from SGI1-PmVER by the insertion of the whole MDR region already described in SGI1-L (DQ647028), also found in P. mirabilis.
17,25
It should be noted that the ESBL-encoding genes bla CTXM-1 and bla CTXM-14 from PmCAU and PmVER were not located on the SGI1.
Discussion
Detection of SGI1 in non-redundant clinical strains of P. mirabilis reveals that 9% of the strains tested over the 6 month period of the study and two out of the nine ESBL-positive strains from our collection harbour an SGI1. Surprisingly, this rate is very high. The prevalence of SGI1-bearing P. mirabilis strains in clinical specimens has not been assessed before. Only a few studies included P. mirabilis isolates. Within the European Union (EU) Network of Excellence Med-Vet-Net, an investigation of SGI1 in enteric bacteria from nine European countries (445 MDR strains isolated between 2001 and 2006 from humans, food or animals) was conducted, but no SGI1 was detected among the nine strains of Proteus spp. (human isolates from the UK). 26 Two studies performed on P. mirabilis isolated in China from stools of diarrhoeic patients and from chicken meat samples detected SGI1 producers: five isolates in one report and eight in the other. 6, 18 In the first study, SGI1 and two variants (SGI1-I and SGI1-O) were detected. Unfortunately, the detailed origin (date and geographical localization) of the isolates is not mentioned. In the second study, the isolates were clonally related and harboured SGI1-U. These studies did not allow the determination of how frequently such SGI1-producing isolates arise. Our results indicate that the prevalence of SGI1 producers among P. mirabilis is clearly underestimated and will contribute to a better understanding of the dissemination of the SGI1 elements. Several features led to this underestimation. There is a continuous survey of antibiotic resistance among Salmonella in human isolates but also in animal and food isolates in developed countries. In most cases the presence of an SGI1 within the chromosome of Salmonella confers the phenotype of pentaresistance: resistance to ampicillin, chloramphenicol, streptomycin, spectinomycin, sulphonamides and tetracycline. Unlike Salmonella, P. mirabilis belongs to the gut commensal flora, which does not cause diarrhoea, and therefore nobody pays attention to the antibiotic susceptibility of these enteric isolates. Antibiotic resistance can be detected only among isolates that cause infections (urinary tract infections, bloodstream infections and so on). Moreover streptomycin, spectinomycin and chloramphenicol resistance, good markers for screening potential SGI1 producers, are not commonly surveyed among human clinical isolates. P. mirabilis is innately resistant to tetracycline, for which susceptibility testing is routinely performed. Therefore, to date there has been no reason to argue that the species P. mirabilis needs further attention as a potential key actor in SGI1 movement.
The SGI1s described here have MDR regions and backbones of different structures. Unfortunately, most studies have not described the complete backbones apart from SGI1 (AF261825), the SGI1-K family (AY463797) from Salmonella and SGI1-V (HQ888851) from P. mirabilis, limiting the structure comparison. In our study, we have detected three different structures of the SGI1 backbone. In SGI1-PmBRI and SGI1-PmCAU they were similar to that of SGI1 (Salmonella Typhimurium DT104). 3 In SGI1-PmABB, -PmSCO, -PmVER and -PmGUE they were similar to that of SGI1-K (Salmonella Kentucky), SGI1-L (Salmonella Newport), SGI1-P and SGI-Q (Salmonella Kentucky); the deletion from S005 to S009 was replaced by the insertion of IS1359. 8, 9 SGI1-PmMAT derived from SGI1-PmABB by the excision of IS1359. This event generated a 3 bp deletion (GAT) in ORF S005. It has been reported previously that excision of ISs belonging to the IS3 family can generate adjacent deletions. 21 This diversity among the SGI1 backbones in our isolates is very interesting. All modifications of the SGI1 backbones detected to date in Salmonella from different serovars originating from all over the world since the 1990s were also present in the P. mirabilis isolates gathered over a very short period at our hospital from patients that did not travel. These observations suggested that P. mirabilis is a bacterial species of special concern involved in the dissemination of SGI1. We also observed a wide variety of MDR regions among the studied strains, as already observed among Salmonella spp. These regions contained from 2 (aadA2 and sul1 in InPmBRI) to 11 resistance genes [aacCA5, aadA7, sul1, tetA(A), strA and strB, bla TEM-1b , aphA1a, dfrA15, floRc, tetA(G) and bla PSE-1 in InPmGUE]. All these genes except aphA1a have been detected on MDR regions described in different Salmonella or P. mirabilis isolates. They conferred resistance to old drugs not widely used to treat severe human infections and were located on different structures that were more or less complex. Simple MDR regions were composed of a single integron (InPmBRI, InPmCAU, InPmMAT and InPmABB), as observed in SGI1-C and SGI1-O. Very complex MDR regions (InPmVER and InPmGUE) were composed of a mosaic structure of genes resulting from the combination of integrons and several parts of transposons. The complex structures involved in these rearrangements facilitated the acquisition and/or movement of antibiotic resistance genes. This alarming feature can lead to the activity of drugs of choice, such as third-generation cephalosporins and quinolones, being jeopardized, as we recently Siebor and Neuwirth described in SGI1-V from P. mirabilis. 7 InPmVER and InPmGUE were close to the MDR regions described in SGI1-K. Nevertheless, the 3 ′ end of the In4-type integron, absent in SGI1-K, was present in our isolates. Moreover, S044 is truncated by an IS26 element in SGI1-K whereas it is entire in SGI1-PmVER and SGI1-PmGUE. SGI1-K was recovered from Salmonella Kentucky originating from Africa and India. Indeed, most of the infected patients reported a history of travel in these countries. 8, 24 Consumption of contaminated imported foods has also been suspected for non-travelling patients. 27 Our results indicated that some SGI1-K-like structures are not Salmonella-specific and are not only encountered in isolates from Africa.
Given that the SGI1 is mobilizable in the presence of a conjugative helper plasmid of the IncA/C incompatibility group, the risk of its dissemination among commensal microorganisms or pathogens is important. 28, 29 Such transfer might occur in the intestinal tract as well as in some environmental sites harbouring a high concentration of various bacterial species. Conserved integration sites of SGI1 have been identified in many bacteria, including Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa.
15 Nevertheless, to date there are no reports of SGI1s among these species.
In conclusion, we have pointed out that P. mirabilis is a bacterial species that should be considered an important host of SGI1. Other studies are needed to determine more precisely the prevalence of SGI1 producers among P. mirabilis isolates. These studies should include isolates recovered in other geographical areas (from where do SGI1 producers originate?), isolates from collections (when did SGI1 producers emerge?) and animal samples (is there an animal reservoir?). We suggest searching for SGI1-producing P. mirabilis in the regions where SGI1-producing Salmonella have been identified. For example, the results of such a study might be particularly interesting in Africa for SGI1-K. The virulence properties of the SGI1-producing P. mirabilis isolates also have to be explored. Indeed, it has been demonstrated that Salmonella harbouring SGI1 are more virulent than non-SGI1-containing strains, as measured by the culture invasion assay after exposure to protozoa. 30, 31 It is noteworthy that three out of the seven isolates from this study were responsible for severe infections (pneumonia and bone tissue infection).
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